Objective: The optimal treatment of nonconvulsive seizures in critically ill patients is uncertain. We evaluated the comparative effectiveness of the antiseizure drugs lacosamide (LCM) and fosphenytoin (fPHT) in this population. Methods: The TRENdS (Treatment of Recurrent Electrographic Nonconvulsive Seizures) study was a noninferiority, prospective, multicenter, randomized treatment trial of patients diagnosed with nonconvulsive seizures (NCSs) by continuous electroencephalography (cEEG). Treatment was randomized to intravenous (IV) LCM 400mg or IV fPHT 20mg phenytoin equivalents/kg. The primary endpoint was absence of electrographic seizures for 24 hours as determined by 1 blinded EEG reviewer. The frequency with which NCS control was achieved in each arm was compared, and the 90% confidence interval (CI) was determined. Noninferiority of LCM to fPHT was to be concluded if the lower bound of the CI for relative risk was >0.8. Results: Seventy-four subjects were enrolled (37 LCM, 37 fPHT) between August 21, 2012 and December 20, 2013. The mean age was 63.6 years; 38 were women. Seizures were controlled in 19 of 30 (63.3%) subjects in the LCM arm and 16 of 32 (50%) subjects in the fPHT arm. LCM was noninferior to fPHT (p 5 0.02), with a risk ratio of 1.27 (90% CI 5 0.88-1.83). Treatment emergent adverse events (TEAEs) were similar in both arms, occurring in 9 of 35 (25.7%) LCM and 9 of 37 (24.3%) fPHT subjects (p 5 1.0). Interpretation: LCM was noninferior to fPHT in controlling NCS, and TEAEs were comparable. LCM can be considered an alternative to fPHT in the treatment of NCSs detected on cEEG.
frequent NCSs or nonconvulsive status epilepticus (NCSE). [2] [3] [4] [5] NCSs are seen more frequently in patients admitted to neurological ICUs with coma, acute brain injury, and prior convulsive seizures, but are also found in patients admitted to medical ICUs. 4, [6] [7] [8] NCSs and NCSE are associated with worse shortand long-term outcomes in critically ill patients, including mortality, cognition, and development of epilepsy. 9, 10 Unlike convulsive seizures, there is no uniformly accepted treatment protocol for NCSs. 11, 12 With limited data, the expert consensus is that for intermittent focal NCSs, multiple trials of nonsedating antiseizure drugs (ASDs) are preferred before resorting to more aggressive treatment with anesthetic medications. 13 Although ASDs are used to treat NCS and NCSE, prospective, randomized studies comparing the effectiveness of ASDs are lacking. Data from treatment trials of generalized convulsive status epilepticus (GCSE) are often extrapolated and used to guide treatment of NCS and NCSE. One of the most commonly used drugs for treating GCSE, phenytoin (PHT), or its prodrug, fosphenytoin (fPHT), is often used for NCS and NCSE. There are no studies evaluating the effectiveness of PHT or fPHT for NCSs. Lacosamide (LCM) is a newer ASD with an intravenous (IV) formulation. Case reports and a few open label studies suggest it is effective in controlling NCSs and NCSE in critically ill patients, with a potentially more favorable adverse event profile and fewer drug-drug interactions than PHT. 14, 15 The Treatment of Recurrent Electrographic Nonconvulsive Seizures (TRENdS) study was designed to evaluate whether IV LCM is noninferior to IV fPHT in controlling NCSs, using cessation of electrographic NCSs on cEEG as the primary endpoint. fPHT was chosen as it is considered the gold standard ASD in many countries for treating status epilepticus (SE) of all types; LCM was chosen as it is a well-tolerated, commonly used antiseizure medication available in an IV formulation and with preliminary evidence of efficacy for acute seizures and SE in animals and humans.
14 Levetiracetam was not considered an option, because prestudy review showed that the majority of patients potentially qualifying for this study would already have been treated with this medication.
Patients and Methods

Study Design
TRENdS was a noninferiority, prospective, multicenter, randomized clinical trial with nonblinded caregivers and blinded EEG reviewers in which IV fPHT was compared to IV LCM in its ability to stop NCSs, with crossover to the other study drug if the first was ineffective. The study was designed by investigators from the Critical Care EEG Monitoring Research Consortium (CCEMRC). It was funded through an investigator-initiated study grant from UCB Pharmaceuticals. The investigators independently wrote the protocol, analyzed the data, and are publishing the results. UCB Pharmaceuticals was not involved in designing or conducting the trial or in data analysis. This study was performed under an Investigational New Drug application approved by the U.S. Food and Drug Administration (FDA), as the dosing for LCM used in TRENdS is not currently approved by the FDA. Study sites were recruited from member centers of the CCEMRC and other centers performing high volumes of cEEG. Twelve centers participated in the trial. The Duke Clinical Research Institute was used as the clinical research organization. The study was approved by the Duke University Institutional Review Board (IRB) and the local IRB of each study site (ClinicalTrials.gov identifier: NCT01458522). Written informed consent was obtained from legally authorized representatives of subjects, because subjects lacked decision-making capacity due to their neurologic condition. To prevent delay of treatment, consenting prior to meeting full enrollment eligibility was permitted if investigators deemed them to be potential candidates for enrollment conditional on subsequent cEEG findings.
Participants
Inclusion criteria were: age 18 years or older, undergoing cEEG for detection of NCSs, at least 1 electrographic seizure with or without clinical correlate lasting at least 10 seconds and <30 minutes, seizures frequent enough to warrant intravenous ASD as part of the patient's clinical care, and a seizure within 6 hours of randomization and initiation of the study drug. An example of an electrographic seizure from this trial is shown in Figure 1 . Subjects administered other ASDs prior to randomization were eligible if the qualifying NCS occurred at least 2 hours after starting that ASD. Exclusion criteria were: already being treated with fPHT, PHT, or LCM; known hypersensitivity or contraindication to either drug; anoxic encephalopathy; undergoing therapeutic hypothermia; generalized convulsive seizures during cEEG; and electrographic SE with seizures lasting >30 minutes per hour of cEEG.
Randomization
Once subjects were enrolled in the trial, they were randomized in a 1:1 ratio to initial treatment with fPHT or LCM. The IXRS Interactive Voice and Web Response System was used to generate the randomization sequence. Randomization was stratified based on presence of known risk factors for NCS, including history of epilepsy (present or absent), Glasgow Coma Scale (<9 or 9), and age (<60 years or 60 years).
Procedures
Subjects were randomized to initial treatment with fPHT or LCM. Subjects in the fPHT arm received an IV fPHT bolus of 20mg phenytoin equivalents (PE)/kg, whereas those in the LCM arm received an IV LCM bolus of 400mg, both over 30 minutes. A 2-hour grace period was allowed before efficacy assessments (control of seizures) were made. This allowed for completion of the study drug infusion and penetration into the central nervous system. After this 2-hour grace period, subjects were observed for a further 6-hour period for breakthrough seizures. If seizures were noted during this period, a rebolus of IV fPHT 5mg PE/kg was administered to subjects in the fPHT group, and a rebolus of IV LCM 200mg was administered to subjects in the LCM group. After this rebolus, another 2-hour grace period was allowed, and subjects were then observed for 24 hours for further seizures.
If after the initial bolus the subject did not have a seizure during the initial 6-hour observation period (and 2-hour grace period), he/she was observed for another 18 hours (total 2412 hours) for breakthrough seizures. If seizures occurred during this 24-hour period, the subject entered the crossover arm, where the second drug was administered using the same protocol.
The initial study drug was continued at maintenance doses regardless of the need to rebolus or cross over. The first maintenance dose was administered 12 hours after the initial bolus for all patients. If no further seizures occurred for 24 hours, the subject successfully exited the study. This information is presented in graphic form in Figure 2 .
EEG
All subjects were undergoing cEEG at the time of enrollment. The definitions for convulsive seizures, NCSs, NCSE, and other EEG patterns commonly seen in critically ill patients were established based on published criteria and agreed upon by the investigators prior to study commencement. 16 These definitions are presented in the Supplementary Table. Investigators were instructed to enroll only patients with unequivocal electrographic seizures.
To minimize variability of EEG interpretation, a training manual was created that identified various EEG patterns and how they should be interpreted for the purpose of this trial. All electroencephalographers responsible for interpreting study EEGs, including principal investigators, subinvestigators, and central EEG readers, were required to review this manual and pass a competency test.
Interpretation of cEEG was performed in real time by the site electroencephalographer (principal or subinvestigator), who was blinded to the identity of the study drug(s). Decisions regarding rebolusing and crossover to second study drug were based on this interpretation. The treating physician, who was not blinded to the identity of the study drug, was permitted to stop the study drug if it was considered to be in the subject's best interest. For the study's primary outcome measurement, the cEEG was later transferred to a central database, from which 2 blinded central electroencephalographers independently marked all seizure onset and offset times.
Outcomes
The primary outcome measure was lack of electrographic seizure recurrence for 24 hours after the first study drug administration (or rebolus, if needed) and after the 2-hour grace period, based on cEEG as interpreted by the blinded central electroencephalographers. This outcome was met if at least 1 of the electroencephalographers observed no seizures during this period.
Secondary outcome measures included the percentage of subjects who required a rebolus in the first treatment arm, the second study drug, and a rebolus in the second treatment arm. The change in seizure burden (time spent in electrographic seizures per hour of EEG recording) before treatment versus at the end of the first treatment arm, and before treatment versus at the end of the second treatment arm, was also determined.
Safety assessments were performed and compared between the treatment arms. Adverse events of special interest included cardiac arrhythmias, hypotension, and multiorgan hypersensitivity reactions.
Statistical Analysis
Three analysis populations were defined: (1) the intention to treat (ITT) population consisted of all randomized subjects, (2) modified ITT (mITT) population consisted of randomized subjects who received study drug and had at least 67% (16 hours) of cEEG available during the 24-hour follow-up period, and (3) the safety population consisted of all subjects who were randomized and received study drug. A sample size of 200 with a 10% dropout rate was determined based on a plausible enrollment target, and power was evaluated under different scenarios for response rates in both arms. Because efficacy data of fPHT and other ASDs in NCSs is not available, sample size determination was made based on a consensus of the investigators. Ultimately, 74 subjects were enrolled due to withdrawal of funding.
Primary analysis was performed in the mITT population and analyzed according to the randomized initial treatment arm. The objective of the primary efficacy analysis was to determine whether the response rate (percentage of subjects with no recurrence of seizures) in the LCM arm was noninferior to the fPHT arm. The noninferiority margin was set to 0.8. Because there were no available historic data regarding efficacy of fPHT in this patient population, the noninferiority margin was based on consensus of the investigators. We prespecified that noninferiority of LCM would be concluded if the lower bound of the 90% confidence interval (CI) for relative risk of no recurrence in LCM versus the fPHT arm was determined to be >0.8, corresponding to a 1-sided significance level of 0.05. If noninferiority was found, a test for superiority of LCM versus fPHT would be performed using a 1-sided significance level of 0.05. A generalized linear model using a binomial distribution with a log link was used to derive the relative risk and 90% CI. The primary analysis included only treatment in the model.
Secondary efficacy analyses were performed in the ITT population using 2-sided tests at a 5% significance level. The percentage of subjects in each arm requiring rebolus and crossover treatment were compared using Fisher exact test with a mid-p correction. Percentage change in seizure burden from baseline to the end of the initial treatment arm was analyzed using Poisson regression. Supporting analyses used the Wilcoxon signed-rank test to compare absolute and percentage change in seizure burden from baseline to the end of the initial treatment arm.
Safety endpoints were analyzed in the safety population. The number and percentage of subjects with treatment emergent adverse events (TEAEs) occurring within 24 hours after administration of the initial and crossover drug (if given) were reported according to the initial and crossover treatments, using MedDRA Preferred Term and System Organ Class.
All analyses were performed using SAS v9.2 (SAS Institute, Cary, NC).
Results
Enrollment and Subjects
The TRENdS trial enrolled from June 5, 2012 to April 1, 2014. The study was terminated because of withdrawal of funding. Because subjects often gave consented before all inclusion criteria were met, 172 subjects gave consent and 74 were enrolled in the trial. The ITT population included 37 subjects in each arm. The mITT population included 62 subjects, 30 in the LCM arm and 32 in the fPHT arm, whereas the safety population included 72 subjects, 35 in the LCM arm and 37 in the fPHT arm. The demographics and neurologic comorbidities of the subjects are presented in Table 1 . The LCM and fPHT arms were comparable in terms of age, gender, race, medical and neurologic history, history of epilepsy, and use of ASDs. Details of the ASDs used are in Table  2 
Primary Outcome
Seizures ceased after initial treatment (no seizure recurrence for 24 hours, with or without rebolus) in 19 of 30 (63.3%) subjects in the LCM arm and in 16 of 32 (50%) subjects in the fPHT arm. The risk ratio was 1.27 (90% CI 5 0.88-1.83); significance for noninferiority of LCM to fPHT was reached (p 5 0.02), whereas significance for superiority of LCM over fPHT was not (p 5 0.29). Thus, LCM was noninferior to fPHT.
Secondary Outcomes
In the LCM arm, 16 of 35 (45.7%) subjects received a rebolus, versus 13 of 37 (35.1%) subjects in the fPHT arm (p 5 0.41). The crossover study drug was administered in 15 of 35 (42.9%) subjects in the LCM arm and 10 of 37 (27.0%) subjects in the fPHT arm (p 5 0.18). Among subjects who received the crossover treatment, in the LCM arm, fPHT was rebolused in 4 of 15 (26.7%) subjects, whereas in the fPHT arm, 3 of 10 (30%) of subjects received a rebolus of LCM.
The initial seizure burdens for the LCM and fPHT groups were statistically indistinguishable (median 5 2.00, IQR 5 0.35-7.91 vs median 5 1.97, IQR 5 0.40-4.48min/h, respectively). After treatment with the initial drug, the seizure burden decreased by 98% (IQR 5 68-100%, p 5 0.001) in the LCM arm and by 76% (48-100%, p < 0.001) in the fPHT arm. However, the difference between the absolute percentage reductions (22%) in LCM arm versus the fPHT arm did not reach significance (p 5 0.129). After crossover treatment, the median seizure burden was reduced compared to baseline by 99% (IQR 5 79-100%) in the LCM group (ie, after receiving fPHT) and by 100% (IQR 5 80-100%) in the fPHT group (ie, after receiving LCM). A summary of the outcome measures is presented in Table 3 .
Safety Measures
At least 1 TEAE occurred up to 24 hours after the last dose of the first study drug in 9 of 35 subjects (25.7%) in the LCM group and in 9 of 37 (24.3%) in the fPHT group (p 5 1.0). Serious adverse events (SAEs) occurred in 5 of 35 subjects (14.3%) in the LCM group and 4 of Median mg/day (IQR) 1,500 (1,000-2,000) 2,000 (2,000-3,000) 2,000 (1,500-2,000) also occurred with comparable frequency in the two treatment groups: 4 of 35 subjects (11.4%) in the LCM group and 5 of 37 subjects (13.5%) in the fPHT group Patients who discontinued treatment with crossover study drug due to AE: LCM group, n 5 15; fPHT group, n 5 10 3 (20.0%) 0 3 (12.0%) a TEAEs of special interest are: cardiac arrhythmias, hypotension, respiratory failure, and multiorgan hypersensitivity reactions.
(p 5 1.0). A summary of the safety measures is presented in Table 4 . The frequency of SAEs grouped according to system organ class in the LCM and fPHT groups is presented in Table 5 . No significant differences were found in the TEAE analyses.
Discussion
This prospective, randomized, crossover, clinical trial found that IV LCM was noninferior to IV fPHT in the treatment of NCS in critically ill subjects. There were no statistically significant differences in adverse event profiles, including hypotension and bradycardia. TRENdS is the first prospective, randomized trial to compare the effectiveness of ASDs in the treatment of NCSs. It is also the first interventional clinical trial to use cEEG findings as the primary endpoint. Whereas the initial target enrollment based on sample size assessments was 200 subjects, 74 were ultimately enrolled due to withdrawal of funding. Despite this, the study was successful in reaching its primary outcome measure of noninferiority with statistical significance.
ASDs, particularly PHT and fPHT, have been used for patients with NCSs because practitioners are familiar with these agents, and they have demonstrated utility in GCSE. 17 Valproic acid and levetiracetam, both available as IV ASDs, have been compared to each other and to PHT in SE with variable results. [18] [19] [20] [21] [22] [23] [24] [25] Many of these trials were randomized, but most were not blinded. None has focused on patients with NCSs, and none has included cEEG as a marker for sustained, successful treatment of seizures. Uncontrolled observational studies and 1 randomized trial suggest the effectiveness of LCM in controlling SE is between 33 and 88%. [26] [27] [28] [29] [30] [31] [32] A review of all studies reporting effectiveness of LCM in treating refractory SE found that it was successful in 56% of patients. 14 These studies reported effectiveness of LCM in SE, not NCSs. The present study only evaluated patients with NCSs, a different population than what has been reported previously. The effectiveness of LCM for controlling NCSs in the TRENdS study was 63.3%. Additionally, this study showed that fPHT was successful in controlling NCSs in 50% of patients. These data can be used as benchmarks for future ASD treatment trials for acute seizures. The concept of seizure burden, the minutes of electrographic seizure activity per hour of EEG recording, was explored in this trial. Ictal discharges lasting 10 seconds and <30 minutes were counted as seizures and contributed to the seizure burden (see Supplementary  Table) . 16 A high seizure burden (>12 minutes per hour)
has been shown to be associated with neurologic decline in children. 9 In this study, the seizure burden was about 2min/h before treatment. Although this may seem low, it was calculated based on 6 hours of EEG data obtained prior to randomization. Only 7 subjects had a high seizure burden of >12 minutes at baseline, and 2 continued to have such a high seizure burden after treatment with both drugs. As expected, there was significant decrease in the seizure burden after treatment with either LCM or fPHT; the difference between the two arms was not statistically significant. The subjects with a high seizure burden responded in a manner comparable to those with a lower seizure burden, although due to the small number of subjects in this category, a definite conclusion cannot be drawn. Often NCSs in critically ill patients do not end abruptly after administration of an ASD, but instead gradually decrease in duration and frequency. Consequently, measuring the seizure burden may be a possible way to gauge improvement. Whereas the initial bolus ("loading") dose of fPHT of 20mg PE/kg is well established, the optimal LCM dose is unknown. In this study, LCM 400mg was used, as there were safety data for this dose administered as a bolus in noncritically ill epilepsy patients. 33 A rebolus of LCM 200mg
and fPHT 5mg PE/kg was used if breakthrough seizures were observed. Whether a higher initial bolus dose of either drug would be more effective remains unanswered. TEAEs and SAEs occurred at comparable rates in both arms after initial study drug treatment. The rates of adverse events of special interest (cardiac arrhythmias, hypotension, respiratory failure, and multiorgan hypersensitivity reactions) were also similar. No unusual or unexpected adverse events were noted. Other retrospective and open label studies have noted similar adverse events occurring at a comparable frequency. 14, 26 However, some retrospective studies have noted fewer adverse events with LCM. [27] [28] [29] This discrepancy may be due to the nature of retrospective and open label studies. Nevertheless, assessment of adverse events in critically ill subjects is challenging due to multiple comorbidities and interventions, and the inability to assess subjective symptoms due to impaired mental status. There were some challenges in performing this study that slowed enrollment. 34 Coordination between the electroencephalographers and the treating providers (usually neurocritical care physicians) was important; when this was not present, enrollment slowed. Availability of the study coordinator after usual business hours was necessary, as that is when many of the subjects were diagnosed with NCSs. Sites with around-the-clock coordinator availability enrolled more efficiently. Education of providers in the emergency department, neurology wards, and critical care units was essential for identification of appropriate subjects. Prior to this education, potentially eligible patients were treated with ASDs without considering study enrollment.
One of the limitations of this study is that the treating physician was not blinded to treatment. Because this was the first prospective study of its type, it was considered important to allow the treating physician to be aware of the treatment in a critically ill subject, particularly as the ASDs had potentially differing side effect profiles. The electroencephalographers interpreting the cEEG at the site and centrally, however, were blinded to treatment.
Subjects with many different etiologies for NCSs were included. Patients with NCSs due to various etiologies may respond differently to ASDs or preferentially to a particular drug. This study was designed to mirror clinical practice, so multiple etiologies were intentionally allowed. The only exception was anoxic encephalopathy, due to its markedly different seizure types and poor prognosis. Moreover, there is no convincing evidence that any ASD is more effective in controlling seizures from a specific etiology.
There was no placebo arm in this study; thus, it remains possible that neither drug was beneficial and that seizures improved spontaneously or for other reasons. Standard clinical practice, however, is to treat seizures with ASDs, and a placebo-controlled trial in this population would not be possible. Finally, this study does not address the issue of whether NCSs are injurious to the brain or related to prognosis, or whether successful treatment improves outcome.
Clinical manifestations of NCSs and how they evolved with treatment with study drugs were not evaluated in this study. Additionally, more severe forms of seizures, such as NCSE, were not enrolled, but rather were specifically excluded. Whether LCM or fPHT would be equally effective in patients with NCSE was not addressed in this study.
This trial was a prospective randomized study comparing 2 ASDs in critically ill patients having frequent electrographic seizures, using cEEG to assess adequacy of treatment, with central, blinded electroencephalographers identifying seizures. It establishes that performing rigorous treatment studies in critically ill patients having frequent seizures is possible, and that cEEG can be used as a primary endpoint for assessing treatment effectiveness. The data obtained here establish a blueprint by which future studies can be conducted in similar patient populations.
In summary, this study demonstrates that LCM is noninferior to fPHT in controlling nonconvulsive seizures in critically ill subjects. Adverse events occurred with comparable frequency for both drugs. Thus, LCM is a reasonable treatment alternative in critically ill subjects having frequent seizures, regardless of the etiology.
